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Epigenetic information undergoes extensive reprog-
ramming in the germline between generations. This
reprogrammingmaybeessential to establish adevel-
opmental ground state in the zygote. We show that
mutants in spr-5, the Caenorhabditis elegans ortho-
log of the H3K4me2 demethylase LSD1/KDM1,
exhibit progressive sterility over many generations.
This sterility correlates with the misregulation of
spermatogenesis-expressed genes and transge-
nerational accumulation of the histone modification
dimethylation of histone H3 on lysine 4 (H3K4me2).
This suggests that H3K4me2 can serve as a stable
epigenetic memory, and that erasure of H3K4me2
by LSD/KDM1 in the germline prevents the inappro-
priate transmission of this epigenetic memory from
one generation to the next. Thus, our results provide
direct mechanistic insights into the processes that
are required for epigenetic reprogramming between
generations.
INTRODUCTION
Extensive epigenetic reprogramming occurs during cloning and
in the recently demonstrated induction of pluripotent stem cells
by four transcription factors (Campbell et al., 1996; Hochedlinger
and Plath, 2009; Takahashi and Yamanaka, 2006). Similarly,
during normal germline transmission, the epigenetic state of
the genome is known to undergo reprogramming both in the
gametes and the early embryo (Reik, 2007). Yet, in both cases,
the mechanism of epigenetic reprogramming remains poorly
understood (Nishikawa, 2007).
The modification of histone H3 by dimethylation of lysine 4
(H3K4me2) is associated with active genes in eukaryotes and
may play a role in gene activation, yet data suggest that it is
acquired during transcriptional elongation (Li et al., 2007). For
example, inSaccharomycescerevisiae theH3K4-specifichistone
methyltransferase (HMTase) Set1p is in a complex with RNA
POLII, and in Drosophila cells H3K4me2 correlates with POLII
occupation at active genes (Mito et al., 2005; Ng et al., 2003).308 Cell 137, 308–320, April 17, 2009 ª2009 Elsevier Inc.The deposition of H3K4me2 could thus serve as an epigenetic
memory of transcriptional patterns acquired during tissue differ-
entiation, rather than act in de novo transcriptional activation.
Evidence that H3K4 methylation may contribute to epigenetic
memory can be found at the bithorax complex in Drosophila,
where Hox genes are transcriptionally active through multiple
cell divisions, despite the absence of activating transcription
factors (Ringrose and Paro, 2004). This is dependent upon the
H3K4 methyltransferase trithorax, suggesting that H3K4 methyl-
ation plays a role in maintaining transcriptional patterns during
development (Petruk et al., 2001; Poux et al., 2002). Maintaining
such patterns makes sense in differentiated somatic cells, in
which expression patterns in developing tissues must be mitot-
ically stable. However, stable H3K4me2 inheritance could create
an intriguing dilemma for the germline. Genes that are highly
active during the germline program would acquire significant
levels of H3K4me2 in their chromatin. Propagation of this infor-
mation to the next generation could potentially result in the mis-
regulation of gamete- and meiosis-specific genes in the zygote.
There may therefore be a requirement to remove H3K4me2 that
is acquired during transcription in the germline, to prevent this
epigenetic memory from being inappropriately transmitted
from one generation to the next.
Interestingly, Ng and Gurdon (2008) recently demonstrated
that inappropriate expression of endoderm genes is detected
in Xenopus embryos derived from the transfer of differentiated
endoderm nuclei. This effect is dependent upon lysine 4 of the
histone variant H3.3 that is incorporated during endodermal
transcription, implying that the complete reprogramming of
a somatic nucleus may require efficient erasure of epigenetic
information at H3K4 (Ng and Gurdon, 2008). Thus, normal trans-
mission through the germline may involve removal of marks at
this residue.
TheCaenorhabditis elegans germline provides a useful system
to study the role of histone modifications in epigenetic reprog-
ramming. In early embryogenesis, germline blastomeres (P cells)
undergo four asymmetric cell divisions in which a somatic and
germline cell are produced. After these divisions, the P4 blasto-
mere divides symmetrically to produce the two primordial
germ cells (PGCs), Z2 and Z3, which arrest for the remainder
of embryogenesis, then divide to produce all of the gametes in
the adult (Seydoux and Dunn, 1997; Seydoux et al., 1996; Sul-
ston et al., 1983). The chromatin in the P blastomeres contains
high levels of H3K4me2 (Schaner et al., 2003). However, after P4
divides, the PGC chromatin rapidly loses H3K4me2 (Schaner
et al., 2003). The absence of H3K4me2 is a conserved character-
istic of PGCs, as Drosophila pole cells also lack this modification
(Schaner et al., 2003). The absence of H3K4me2 in PGCsmay be
necessary for maintaining PGC fate through transcriptional
repression (Schaner et al., 2003). However, direct evidence for
this remains elusive.
The erasure of H3K4 methylation could involve a histone de-
methylase. Shi et al. (2004) demonstrated that mammalian
LSD1/KDM1, a component of CoREST transcriptional repressor
complexes, can specifically demethylate H3K4me2. As
a member of the CoREST complex, LSD1/KDM1 is thought to
contribute to repression of neuronal targets in nonneuronal cell
types by demethylating H3K4me2 (Ballas et al., 2001; Chong
et al., 1995; Lee et al., 2005; Shi et al., 2005). Here, we examine
the role of H3K4 demethylases in the C. elegans germline and
ask whether the resetting of H3K4me2 is required to prevent in-
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Figure 1. spr-5 Is an H3K4me2 Demethylase
(A) Alignment of theC. elegans LSD1/KDM1 ortho-
logs with human LSD1/KDM1. The key catalytic
residues (N660 and K661) are shown at their rela-
tive positions within the amine oxidase domain,
and the locations of the mutations are shown
beneath each gene.
(B) ChIP of H3K4me2 at hop-1 in wild-type (N2),
spr-5(by101), and spr-5;amx-1 mutants. The fold
enrichment (of the percentage of input precipi-
tated) in H3K4me2 Ab over no Ab is shown, and
the positions of the primer sets in the promoter
and gene body are indicated above.
(C)Western blots ofwild-type (N2) and spr-5;amx-1
protein extracts probed with actin, histoneH3,
and H3K4me2 (positions marked). The ratio of
H3K4me2/histone H3 normalized to actin is shown
below.
(D–H) Immunofluorescencewith (D andG) SPR-5N
and (E and F) C-terminal Abs showing (D) the adult
gonad, (E) oocytes, (F) an early embryo, (G) sperm,
and (H) the corresponding DAPI image of sperm.
The insets in (E), (F), and (G) are zoomed in on
part of the panels. The identical staining pattern
was observed with both N- and C-terminal Abs.
apropriate epigenetic memory from being
transmitted from one generation to the
next.
We find that the loss of the C. elegans
LSD1/KDM1 demethylase spr-5 results in
a germline mortality phenotype in which
the incidence of sterility increases across
generations. This sterility correlates with
the misreregulation of spermatogenesis-
expressed genes due to the stable accu-
mulation of H3K4me2 at these loci. This
accumulation leads to the inappropriate
retention of H3K4me2 in the PGCs as
well asdefectiveoogenesisandspermato-
genesis. From these data, we conclude
that H3K4me2 provides an epigenetic memory, and that SPR-5
plays a critical role in reprogramming thismemory in the germline.
RESULTS
SPR-5 Is an H3K4me2 Demethylase
C. elegans has three lsd1/kdm1 homologs encoded by the genes
spr-5, amx-1, and T08D10.2. Mutations exist in each of these
genes. The amx-1(ok659) and T08D10.2 mutations are deletion
alleles, whereas spr-5(by101) is a Tc3 transposon insertion in the
middle of the conserved amine-oxidase catalytic domain (Eimer
et al., 2002). This transposon insertion is predicted to abolish the
demethylase activity of the amine oxidase domain. The worm
protein SPR-5 is 27% identical (45% similar) to human LSD1/
KDM1 and binds, like its mammalian counterpart, to the CoREST
protein SPR-1, suggesting that it is the C. elegans ortholog of
LSD1/KDM1 (Figure 1A) (Eimer et al., 2002; Jarriault and Green-
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the highly conserved amine oxidase domain is conserved in SPR-5
(Figure 1A). To confirm that SPR-5 is an H3K4me2 demethylase
in vivo, we assayed for changes in H3K4me2 levels in spr-5
mutants. The presenilin-like gene hop-1 is a known SPR-5 target,
sincehop-1 transcription increasesover20-fold in the spr-5(by101)
mutant (Eimer etal., 2002; Jarriault andGreenwald, 2002).Weused
ChIP toanalyzeH3K4me2 levelsat thehop-1 locus inwild-typeand
spr-5mutantanimals.Weobserveda2-fold (33/14.4) enrichment in
H3K4me2 in spr5(by101)mutants compared towild-type and a 13-
fold (191.2/14.4) enrichment in spr5(by101);amx-1(ok659) double
mutants compared to wild-type in the hop-1 promoter (Figure 1B).
In addition, we observed a 3-fold (18.5/6.1) enrichment in
H3K4me2 in spr5(by101) mutants compared to wild-type and
a near 20-fold (115.2/6.1) enrichment in spr5(by101);amx-
1(ok659) double mutants compared to wild-type in the hop-1
gene body (Figure 1B). Finally, western blot analysis revealed
that total histone extracts made from spr-5;amx-1 mutants had
6-fold (4.36/0.67) higher levels of H3K4me2 compared to
wild-type when normalized for total histone H3, indicating that
the defect is not restricted to the hop-1 locus (Figure 1C).
Together, these results strongly suggest that SPR-5 acts in vivo
as a demethylase to affect H3K4me2 levels genome wide.
Lack of Demethylase Activity Results
in Germline Mortality
spr-5 is expressed in all stages, but it is enriched in the adult and
highly expressed in the gonad, indicating that, in addition to
possible somatic expression, it is likely that spr-5 mRNA is
maternally deposited in the germline (Eimer et al., 2002; http://
nematode.lab.nig.ac.jp/). Consistent with this, immunofluores-
cence with two SPR-5 antibodies detected SPR-5 protein in
the nuclei of the adult germline, where it accumulates during
meiosis (Figure 1D). In addition, we observed SPR-5 staining in
sperm cytoplasm as well as in the nuclei of oocytes and the early
embryo (Figures 1E–1H). No SPR-5 staining was seen in somatic
cells outside of the early embryo. This expression pattern is
consistent with a potential role in resetting H3K4me2 between
generations. Therefore, to determine if spr-5 plays a role in the
germline, we examined the phenotype of spr-5 mutant animals.
spr-5mutantshaveaslight retentionof embryoswithin theworm;
an egg-laying defective (Egl) phenotype (Figure S1B available
online); and, at early generations, a slightly reduced brood size
compared to wild-type, amx-1, or T08D10.2 single mutants
(Figure 2A). Despite this, all spr-5 mutants are initially fertile, and
we observed no significant early increase in the percentage of
sterile animals, which can be scored under the light microscope
(Figure 2B). Over 28 generations, however, the spr-5 mutants
exhibited a germline mortality phenotype in which the brood size
steadily declined with each successive generation (Figures 2A
and S2). This decline occurred despite the fact that selecting fertile
animals for passage inherently biased against this phenotype (see
Experimental Procedures). In addition, after 20 generations, we
observed a sharp increase in the percentage of sterile worms,
with the increasingly rare fertile animals producing few progeny
(Figures 2B and S2). In contrast wild-type, amx-1, or T08D10.2
singlemutantsdidnotexhibit increasedsterility (Figures2Aand2B).
All spr-5(by101)-containing mutant combinations and
spr-5(by101) itself exhibited the germline mortality phenotype,310 Cell 137, 308–320, April 17, 2009 ª2009 Elsevier Inc.suggesting that this phenotype is largely due to the spr-5(by101)
allele. However, the spr-5;amx-1 double mutant had a slightly
more severe sterility defect than spr5(by101) alone, and the triple
mutant including T08D10.2 was a little less severe. These data
hint that amx-1 might be redundant with spr-5, whereas
T08D10.2 may play an antagonistic role. Interestingly, microar-
ray analysis demonstrated that the expression of amx-1 is
elevated in spr-5 mutants (Figure S7). This suggests that the
activity of amx-1 may slightly compensate for the spr-5 mutant
phenotype and may explain why the spr-5;amx-1 double mutant
has a slightly more severe phenotype.
Although the number of generations required to reach the high-
est levels of sterility varied slightly between repetitions of the
experiment, typically 20–30 generations were required. In addi-
tion, similar numbers of generationswere required duringmultiple
repetitions of the experiment at 16C, despite the fact that worms
develop more slowly at this temperature. This indicates that the
number of generations, rather than absolute time or develop-
mental time, is the most critical aspect of this phenotype. Addi-
tionally, forcing highly sterile spr-5(by101) populations to go
through thealternateDauerdevelopmental pathwaypartially reset
the germline mortality phenotype (Figure S1D). Although it is
possible that this is due to some type of survival selection, it is
interesting to note that global chromatin changes associated
with Dauer larvae formation have been observed (Jones et al.,
2001) (and J. Waddle, personal communication).
Although progressive sterility is the predominant phenotype of
the spr-5 mutants, a mutant in spr-5 was previously isolated in
a screen for sel-12 suppressor mutants in the vulval pathway
(Eimer et al., 2002; Jarriault andGreenwald, 2002). This suggests
that spr-5 mutants may have somatic effects in addition to the
effect on fertility. During the course of the experiments, we
observed the sporadic appearance of a number of somatic
phenotypes (e.g., rolling, dumpy, and protruding/multivulval
worms). The sporadic appearance of these low-penetrance
phenotypes is particularly intriguing in that these phenotypes
were not heritable. For example, out of 119 progeny from2 rolling
worms (Rol phenotype), we observed 0 Rol offspring.
Mutations in mrt-2, a conserved DNA damage checkpoint
protein, have also been shown to cause germline mortality
(Ahmed and Hodgkin, 2000). In this mutant, the generational
increase in sterility is associated with genetic defects, including
telomere shortening and chromosome fusions (Ahmed and
Hodgkin, 2000). We found no evidence of chromosome fusions
in spr-5 mutants, suggesting that the germline mortality defect
in thesemutants is distinct from that ofmrt-2 (Figure S3). In addi-
tion, we did not observe any substantial increase in embryonic
lethality or other heritable defects in the spr-5mutants, indicating
the absence of accumulating DNA damage (Figure S4A and data
not shown). We also did not observe any change in the
percentage of XO male progeny, suggesting that there are no
gross defects in chromosomal segregation in these mutants
(Figure S4B). Finally, through multiple repetitions of the experi-
ment, we always observed the same germline and develop-
mental phenotypes (see below). Taken together, these data
suggest that an epigenetic defect, rather than the accumulation
of random genetic mutations, is likely to be the cause of the
germline mortality phenotype.
Germline Mortality Is Associated with a Defect
in Oogenesis and Spermatogenesis
In order to determine why the spr-5 mutants become progres-
sively sterile, we further analyzed the morphological characteris-
tics of the severely sterile late-generation adults. By differential
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Figure 2. The Germline Mortality Phenotype
(A) The average brood size of spr-5, spr-5;amx-1,
spr-5;amx-1;T08D10.2 (triple), wild-type (N2),
amx-1, and T08D10.2 strains in progressive gener-
ations are shown.
(B) The percentage of sterile animals in the same
experiment as shown in (A). The complete data
from each strain are shown individually in
Figure S2.
(C) The percentage of animals with no progeny, the
percentage of animals with a sterile phenotype,
and the average brood size of outcrossed
spr-5;amx-1 (f28) worms compared to the corre-
sponding (f30) nonoutcrossed and wild-type
generations.
interference contrast (DIC), 40-6-diami-
dino-2-phenylindole (DAPI), and phos-
phohistone H3 staining, proliferation of
the mitotic germ cells appeared normal
in sterile animals (Figure S5). However,
oogenesis was highly defective, as many
animals had either oocytes with abnormal
morphology or no oocytes at all (Figure 3B
and data not shown). In addition, we
observed spermatids abnormally located
in the proximal gonad, where the oocytes
normally would reside, amid many acri-
dine orange-staining residual bodies
(Figures 3B–3D and data not shown). In
C. elegans hermaphrodites, spermato-
genesis is normally completed in L4
larvae. Thus, the appearance of residual
bodies, a by-product of spermatogen-
esis, in adult hermaphrodites suggests
that spr-5 mutants also have a delay in
spermatogenesis progression.
A Late Larval Growth Delay
Correlates with Increased Sterility
During the germline mortality experiment,
we observed a severe delay in develop-
ment that correlated with the onset of
increasing sterility in the spr-5 mutants.
We wondered if this delay could be linked
to the defects in oogenesis and sper-
matogenesis. To examine this delay
more closely, we selected wild-type and
spr-5;amx-1 mutant embryos at the
2-cell stage and monitored the timing
of development from embryogenesis
through adulthood. In both early and late
generations, we observed a very slight delay in embryogenesis
and early larval stages in the spr-5;amx-1 double mutant (data
not shown). However, beginning around generation 20, we
observed an extended developmental delay in late larval stages
in the spr-5;amx-1mutants compared to wild-type. spr-5;amx-1Cell 137, 308–320, April 17, 2009 ª2009 Elsevier Inc. 311
mutants were delayed at the L4 larval stage, and they reached
adulthood over 30 hr later than wild-type (Figure S6). In C. ele-
gans, after spermatogenesis is completed in L4 larvae, oogenesis
beginsat the transition fromL4 larvae toadult. Thus, theextended
developmental delay at the L4 larval stage may be linked to our
observed defects in oogenesis and spermatogenesis.
Sterility of spr-5 Mutants Correlates with Retention
of H3K4me2 in Z2/Z3
Why does the lack of spr-5 demethylase activity result in the
observed defects in oogenesis and spermatogenesis? One
possibility is that progressive and heritable accumulation of
H3K4me2 through many cycles of the germline results in the
inappropriate retention of H3K4me2 in the PGCs, Z2 and Z3.
To test this hypothesis, we examined H3K4me2 retention in
the PGCs by immunofluorescence microscopy over the course
of the generations in which the germline mortality was observed.
In early generations, wild-type and all mutant combinations ex-
hibited normal erasure of H3K4me2 in the PGCs (Figures 4A
and 4B). This suggests that there is an spr-5-independent mech-
anism of chromatin remodeling acting directly in the PGCs. In
addition, we could not detect any increase over time in
H3K4me2 levels in somatic tissues or in the adult germline,
where H3K4me2 levels are already high in wild-type animals
(data not shown). However, after many generations, we
observed a significant increase in PGC H3K4me2 retention in
Figure 3. Oogenesis and Spermatogenesis Defects in spr-5;amx-1
Mutants
DIC microscopic imaging of the proximal gonad from (A) wild-type and (B)
severely sterile spr-5;amx-1 adult worms. Black arrowheads point to (A)
normal oocytes and (B and C) defective -looking oocytes. Black bars denote
(A) mature sperm in the spermatheca as compared to (B and C) early sper-
matogenic stages in the (B) proximal gonad and (C) spermatheca. (C) DIC
imaging and corresponding (D) acridine orange staining showing residual
bodies (*).312 Cell 137, 308–320, April 17, 2009 ª2009 Elsevier Inc.spr-5 mutants throughout the genome (Figures 4A and 4C).
This increase correlated with generations exhibiting the lowest
brood sizes and the sharpest rise in the percentage of sterile
animals (Figures 2A and 2B). This indicates that although SPR-5
activity is not immediately required for the H3K4me2 erasure that
occurs in the PGCs, its absence across multiple generations
results in the inappropriate retention of H3K4me2 in the PGCs.
Nanos and the spr-5 Mutants Are Synthetically Sterile
To test whether the observed sterility may be due to a defect
occurring in the PGCs, we performed a synthetic sterility exper-
iment. Nanos is a highly conserved factor with essential germline
functions in many metazoans (Kobayashi et al., 1996; Koprunner
et al., 2001; Subramaniam and Seydoux, 1999; Tsuda et al.,
2003). Two of the C. elegans nanos proteins, NOS-1 and NOS-2,
are present exclusively in Z2/Z3 and are redundantly required for
PGC survival, as nos-1;nos-2 double mutants are 99% sterile in
the first generation (Subramaniam and Seydoux, 1999). A nos-2
mutation alone results in 35% sterility (Subramaniam and
Seydoux, 1999). If both NANOS and SPR-5 affect PGCs, partial
loss of activity in both pathways could have a synergistic effect
on sterility within these cells. We performed nos-2 RNAi on
spr-5 mutants. nos-2(RNAi) or spr-5 mutants alone each had
low levels of sterility (Figure 4D). However, a strong synthetic
sterility phenotype (>95%) was observed in spr-5(by101) and
spr-5;amx-1 animals with nos-2(RNAi) (Figure 4D). This suggests
that the observed sterility in spr-5mutantsmay bedue to a defect
in the PGCs.
spr-5 Mutants Exhibit Transgene Desilencing
in the Germline
To determine if increased H3K4me2 in the PGCs leads to
increased transcription throughout the germline, we performed
a transgene desilencing experiment. In C. elegans, multicopy
transgenes are normally silenced in the germline (Kelly and
Fire, 1998). For example, an integrated multicopy histone
H2A:GFP transgene is expressed at high levels throughout the
soma, but is not expressed in the germline (Figures 5A and
5B). To ask if the increased H3K4me2 in spr-5 mutants can
cause germline desilencing, we crossed the H2A:GFP transgene
into spr-5mutants. A dramatic increase in germline expression of
the H2A:GFP transgene was observed in many of the
spr-5(by101) animals (Figures 5C and 5D). Interestingly, the
spr-5mutation had no affect on the desilencing of an extrachro-
mosomal multicopy let-858 transgene that can be desilenced by
mutations in both transcriptional and posttranscriptional
silencingmechanisms (Kelly and Fire, 1998 and data not shown).
Although these results were obtained by using different reporter
genes, since amajor difference between these two transgenes is
that one is extrachromosomal whereas the other is integrated,
this finding hints that SPR-5 may only demethylate histones in
a chromosomal context.
Microarray Analysis Suggests the Misregulation
of Spermatogenesis-Enriched Genes
If H3K4me2 can function as an epigenetic memory in the
C. elegans germline and SPR-5 demethylation activity resets
this memory, then genes that are expressed in the germline
could accumulate H3K4me2 and exhibit a transgenerational
increase in expression in spr-5 mutants. To look for evidence
of this, we performed expression microarray analysis to
compare RNA made from mixed-stage populations taken
from generation 1, 13, and 26 spr-5 mutant animals as well
as wild-type animals.
Using strict cutoffs for signal intensity and fold-expression
change, the microarray analyses identified a class of 88 genes
whose expression coordinately increased from generations
1–13 and then decreased from generations 13–26 in
spr-5(by101) mutants (Figure 6A). Remarkably, 53% of these
genes are genes that are expressed during spermatogenesis
(Figure 6A) (Reinke et al., 2004). No other significant categories
of genes that are coordinately regulated were identified
(Figure 6A). Based on the striking group of coordinately
Figure 4. Increased H3K4me2 Retention in
Z2/Z3 Correlates with Sterility
(A) Embryos from the experiment in Figure 2
were assayed for PGC H3K4me2 levels by
immunofluorescence. Each number represents
the percentage of embryos scored positive for
H3K4me2 retention out of 50 total embryos for
that generation.
(B and C) Examples of (B) wild-type and (C) re-
tained H3K4me2 levels in Z2/Z3. Arrowheads indi-
cate Z2 and Z3.
(D) The percentage of sterile offspring in spr-5,
spr-5;amx-1, nos-2(RNAi), nos-2(RNAi);spr-5,
and nos-2(RNAi);spr-5;amx-1 assayed at genera-
tions 1 and 16. L4440 is the vector-only RNAi
control.
regulated spermatogenesis-expressed
genes, we examined the microarray
expression data from all of the genes
that are annotated as being expressed
during spermatogenesis. We find that
most spermatogenesis-enriched genes
also showed a similar pattern of expres-
sion, although they fall slightly below
the strict cutoffs that were employed
(Figure S7 and data not shown). In addi-
tion, our microarray analysis demon-
strated that the distribution of the class
of the 234 total regulated genes (>2-fold
change in any comparison) was re-
markably similar to the chromosomal
distribution of spermatogenesis genes,
including significant underrepresentation
of X-linked genes and significant overrep-
resentation of genes on chromosome IV
(Reinke et al., 2004) (Figure 6B). Taken
together, these results suggest that
nearly all spermatogenesis-expressed
genes are coordinately misregulated in
spr-5 mutants. Thus, a failure to reset
spermatogenesis-acquired H3K4me2 may
result in the progressive sterility that is observed in spr-5
mutants.
Heritable Accumulation of Spermatogenesis-Enriched
Expression in spr-5 Mutants
To validate the microarray analysis, we performed quantitative
RT-PCR analysis on 12 of the spermatogenesis-expressed
genes identified in the microarray experiment by using RNA
made from mixed-stage populations from 9 generations distrib-
uted throughout the germline mortality experiment. This analysis
demonstrated that the expression of spermatogenesis-enriched
genes increases stably over 20 generations (Figure 6C). This
correlates directly with the slow decrease in brood size observed
in spr-5 mutants (Figure 2A). After 20 generations, the expres-
sion of spermatogenesis-enriched genes decreased (Figure 6C).
This decrease coincides with the sharp increase in theCell 137, 308–320, April 17, 2009 ª2009 Elsevier Inc. 313
Figure 5. Increased H3K4me2 Affects Transcription
(A and C) DIC and (B and D) GFP imaging of H2A:GFP transgene expression in
(A and B) wild-type and (C and D) spr-5 animals.percentage of sterile animals, the large increase in H3K4me2
retention in the PGCs, and the onset of the developmental delay
(Figures 2B, 4A, and S6). It is important to note that the observed
developmental delay could lead to an increased representation
of L4 larvae, in which sperm are produced, within the late gener-
ation population. However, we observed no increase in larval-
expressed genes, either in themicroarray results or by additional
quantitative RT-PCR (data not shown). Furthermore, an
increased representation of sperm-producing stages is inconsis-
tent with the decline in sperm-enriched expression that we
observed after 20 generations.
Heritable Accumulation of H3K4me2 in spr-5 Mutants
The transgenerational increase in spermatogenesis-enriched
expression that occurs in the absence of SPR-5 demethylase
activity may be due to a heritable accumulation of H3K4me2 in
these loci. To test this, we performed ChIP assays with an
H3K4me2 antibody on four of the spermatogenesis genes exhib-
iting generational expression changes in the RT-PCR experiment
(Figure 6C). The analysis was performed on mixed-stage spr-5
mutants taken from generations 3, 15, and 27. H3K4me2
increases continuously in spr-5 mutants, suggesting that the
generational increase in spermatogenesis expression is due to
the heritable increase in H3K4me2 at these loci (Figure 6D).
Importantly, despite the decrease in expression of spermato-
genesis genes at late generations, H3K4me2 levels continue to
increase at these genes (Figure 6D). This argues that the increase
in H3K4me2 is the cause, not an effect, of the increased expres-
sion of spermatogenesis-enriched genes.
Outcrossing at Severely Sterile Generations Rescues
the Sterility Defect
If SPR-5 erases H3K4me2 at each generation, then providing
wild-type demethylase activity to spr-5 mutants should reset
the spr-5 sterility phenotype. To test this, we outcrossed
spr-5;amx-1 mutants to a balancer worm strain at generation314 Cell 137, 308–320, April 17, 2009 ª2009 Elsevier Inc.28 of the germline mortality experiment. After one passage
through the germline with heterozygous demethylase activity,
these worms were then returned to a homozygous mutant state
and scored for sterility. Outcrossing decreased the frequency of
sterile progeny to wild-type levels in the first generation after
hemizygosity, suggesting that the most severely sterile worms
in the population were completely rescued (Figure 2C). Interest-
ingly, the lower brood size defect was only slightly reversed, indi-
cating that complete epigenetic resetting could not be imme-
diately restored within one generation of exposure to
heterozygous SPR-5 activity (Figure 2C).
DISCUSSION
During somatic tissue differentiation, transcriptional activation
results in the acquisition of H3K4me2 in the gene bodies of acti-
vated genes (Li et al., 2007). This histone methylation may act as
an epigenetic memory to facilitate the maintenance of the tran-
scriptional program as cells divide to generate a tissue. Such
a model is consistent with the gene regulation of the bithorax
complex during differentiation in Drosophila (Ringrose and
Paro, 2004). In addition, genome-wide evidence of this is seen
during the differentiation of mammalian ES cells, in which biva-
lent domains consisting of H3K27me3 and H3K4me3 resolve
into domains containing H3K4me3 upon gene activation (Bern-
stein et al., 2006). Furthermore, evidence for transcriptional
memory has recently been provided by the nuclear transfer
experiments performed in Xenopus by Ng and Gurdon (2008).
Despite these observations, direct evidence of the epigenetic
inheritance of any histone modification remains elusive.
It has long been suspected that epigenetic modifications
could play a role in limiting the developmental potential of a tissue
during the complex pattern of tissue differentiation (Jenuwein
and Allis, 2001). This has led to the idea that a fundamental
aspect of the difference between the ‘‘mortal’’ soma and the
‘‘immortal’’ germline may be the ability to reprogram the genome
of the germ cells epigenetically in order to maintain totipotency.
However, gaps remain in our understanding of the epigenetic re-
programming between generations. For example, DNA methyla-
tion undergoes resetting between generations, but the mecha-
nism of erasing DNA methylation remains unknown (Jaenisch,
1997; Li, 2002). In addition, there is little evidence of the resetting
of any histonemodification between generations in the germline.
During germline transcription, H3K4me2 is acquired in acti-
vated genes. If this methylation acts as an epigenetic memory,
there may be a requirement to reset this modification during
gametogenesis or in the zygote to prevent this epigenetic
memory from inappropriately transmitting from one generation
to the next. Our results indicate that a lack of LSD1/KDM1 deme-
thylase activity results in increasing sterility due to defects in
oogenesis and spermatogenesis. Why does the lack of SPR-5
demethylation activity result in these sterility defects? During
early generations, we observed normal H3K4me2 erasure in
the PGCs of spr-5 mutants. This, along with other evidence in
our lab (H. Furuhashi and W.G.K., unpublished data), demon-
strates that there are spr-5-independent mechanisms required
for this erasure. However, at late generations, we observed the
increasing accumulation of inappropriate H3K4me2 retention in
the PGCs. This retention correlates directly with the generations
exhibiting the highest degree of sterility (Figure 7A). In addition,
we find that the SPR-5 has a synergistic effect on sterility with
NOS-2, which is present exclusively in the PGCs. Taken
together, these results argue that the absence of SPR-5 activity
causes a transgenerational accumulation of H3K4me2 that
eventually saturates the second mechanism of chromatin
remodeling in Z2/Z3, resulting in the increased retention of
H3K4me2 in the PGCs and increasing sterility (Figure 7B). These
data provide the first direct evidence, to our knowledge, that the
proper removal of H3K4me2 in the PGCs is essential for germline
maintenance. Furthermore, after 20 generations, we observed
a developmental delay in spr-5 mutants at the L4 larval stage
(Figure 7A). This delay occurs in somatic lineages in addition to
the germline, but only at generations that are largely sterile.
This implies that the germline defects in spr-5mutants may acti-
vate a feedback between the germline and soma that can cause
a developmental delay of the whole animal.
Microarray analysis followed by quantitative RT-PCR analysis
demonstrated that the expression of spermatogenesis-enriched
genes steadily increases in spr-5 mutants from generation
1 through approximately generation 20 (Figure 7A). In addition,
H3K4me2 ChIP analysis demonstrated that H3K4me2 increases
continually at spermatogenesis-expressed genes (Figure 7A).
Importantly, the ChIP assays were performed on mixed-stage
populations. In these populations, the cells that are undergoing
spermatogenesis comprise a small fraction of the overall
population of cells. This argues that the increase in H3K4me2
at these spermatogenesis-expressed genes may not be
confined to spermatogenesis. Rather, it is likely that this increase
in H3K4me2 is occurring throughout the germline or even
throughout the whole animal.
Taken together, our data suggest the following model for the
spr-5 germline mortality phenotype (Figure 7). During spermato-
genesis, H3K4me2 is acquired at spermatogenesis-expressed
genes as they are activated. In the absence of SPR-5 demethy-
lation, this histone methylation is transmitted to the subsequent
generation and accumulates for many generations. Increasingly
with each generation, this accumulation overwhelms the chro-
matin remodeling mechanism(s) in the PGCs. This results in
increased ectopic H3K4me2 in the PGCs and the continuous,
inappropriate overexpression of spermatogenesis-expressed
genes throughout the germline. Although it is possible that
SPR-5 acts in the PGCs, where it might be partially redundant
with other H3K4me2 erasure mechanism(s), the fact that SPR-5
appears to be maternally deposited is also consistent with
SPR-5 acting either in gametogenesis and/or in the early
embryo. In either case, increasingly with each generation, the
continuous misexpression of spermatogenesis-enriched genes
in the germline results in delayed spermatogenesis and is incom-
patible with oogenesis. After20 generations, the RT-PCR anal-
ysis demonstrated that the expression of the spermatogenesis-
enriched genes decreases. It is unclear exactly why this occurs.
However, this correlates with the sharp increase in the
percentage of sterile worms at late generations as well as the
onset of the L4 developmental delay and the large increase in
H3K4me2 retention in the PGCs (Figure 7A). Thus, it is possible
that, after many generations, the increase in H3K4me2 mayreach a threshold at which sperm development is more severely
compromised (Figure 7A). This, in turn, may lead to the dramatic
decrease in sperm expression.
If H3K4me2 in spermatogenesis-expressed genes is increas-
ingly inappropriately inherited throughout the tissues of
offspring, does it result in somatic phenotypes? In spr-5mutants,
we observe the appearance, at a low frequency, of numerous
somatic phenotypes such as rolling worms, dumpy worms,
protruding/multivulvals, etc. It is possible that these phenotypes
are due to a requirement for SPR-5 activity in these tissues. Alter-
natively, it is possible that these phenotypes are due to the
somatic expression of germline genes that is the result of the
failure to reset germline H3K4me2 from the previous generation.
It is unclear, if this is the case, why a higher penetrance of
somatic phenotypes is not observed. However, although
increased somatic H3K4me2 in germline genes could make
these loci more permissive for transcription, it may be very diffi-
cult for the inappropriate expression of germline genes to over-
come the robust somatic program. For example, in mep-1
mutants in C. elegans, germline granules are inappropriately
segregated to somatic cells, and some germline genes are inap-
propriately expressed there, but the somatic tissues are still
specified (Unhavaithaya et al., 2002).
In our microarray analysis, we observed dramatic changes in
spermatogenesis expression, but not changes in the expression
of meiosis genes or oogenesis genes. One possible explanation
for this result is that SPR-5 plays a specific role in demethylating
H3K4me2 during spermatogenesis. Alternatively, SPR-5 may
play a role in resetting germline H3K4me2 in general. The expres-
sion of SPR-5 throughout the adult gonad is consistent with a role
in resetting germline H3K4me2 in general. In addition, the ectopic
H3K4me2 staining in the PGCs is genome wide, suggesting that
more thanspermatogenesis-expressedgenesarebeingaffected.
In C. elegans, spermatogenesis occurs only during the brief L4
developmental stages. As a result, spermatogenesis genes are
likely expressed at high levels in order to provide sufficient protein
for the complex spermatogenesis differentiation program. This
feature of brief, intensive transcription may make spermatogen-
esis genes particularly sensitive to the loss of SPR-5.
To our knowledge, the data presented here provide the first
evidence that H3K4me2 levels can be faithfully transmitted
through many cell divisions and act as an epigenetic memory
to affect transcription. In addition, this phenotype strongly
suggests that SPR-5 functions in the epigenetic reprogramming
of the germline by erasing H3K4me2 at numerous loci, prevent-
ing it from being inappropriately propagated to the next genera-
tion (Figure 7B). Thus, we propose that the ability to reset
H3K4me2 plays a critical role in distinguishing the ‘‘immortal’’
germline from the ‘‘mortal’’ soma by erasing the epigenetic
memory of germline transcription at each generation. To our
knowledge, this is also the first example of a mechanism of
epigenetic reprogramming for which the enzymatic activity has
been identified. Based on our results, we hypothesize that effi-
cient LSD1/KDM1-mediated demethylation may be part of
what is missing in the incomplete reprogramming that was
observed in the nuclear transfer experiments performed by Ng
and Gurdon (2008). In addition, it is possible that LSD1/KDM1
demethylation may also be part of the mechanism of somaticCell 137, 308–320, April 17, 2009 ª2009 Elsevier Inc. 315
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reprogramming that is induced by the four pluripotent factors in
the experiments performed by Takahashi and Yamanaka (2006).
Mutations in Su(var)3-3, the Drosophila ortholog of LSD1/
KDM1, result in sterility in both males and females due to defects
in oogenesis and spermatogenesis (Rudolph et al., 2007;
Szabad et al., 1988). In addition, Su(var)3-3 mutations result in
ectopic H3K4me2 in the PGCs (Rudolph et al., 2007). These
phenotypes occur in one generation rather than over multiple
generations. However, despite these observations, it remains
unclear how the lack of Su(var)3-3 demethylase activity results
in the observed sterility defects in Drosophila. We propose that
LSD1/KDM1 demethylation acts similarly in both C. elegans
and Drosophila. In the case of Drosophila, the pole cells already
lacking H3K4me2 are set aside and are maintained in this state
(Schaner et al., 2003; Technau and Campos-Ortega, 1986;
Underwood et al., 1980). This is in contrast to C. elegans, in
which H3K4me2 is initially abundant in the P blastomere chro-
matin, but is rapidly erased from the genome once the germline
is separated from the somatic lineages (Schaner et al., 2003).
Thus, the P blastomeres, unlike Drosophila pole cells, may have
an epigenetic signature more similar to ES cells, with a subse-
quent requirement for the erasure of this signature once the
PGCs are established. As a result, a second demethylase-inde-
pendent chromatin erasure mechanism may be required in
worms, but not flies. We speculate that the sterility in the
Drosophila Su(var)3-3 mutant is immediate, rather than requiring
many generations, due to the lack of requirement for, and thus
absence of, a second chromatin erasure mechanism. Taken
together,webelieve that thephenotypes in flies andwormsargue
that the function of LSD1/KDM1 demethylation elucidated here
may be the primordial function in metazoans. As such, this func-
tion may be conserved in mammals. Interestingly, we note that
should LSD1/KDM1 play a similar role in humans, defective
LSD1/KDM1 regulation in the germline could result in the misre-
gulation ofmultiple genes in the next generation. Thus,mutations
in LSD1/KDM1 could result in complex diseases in which the
phenotype is due to the contribution of multiple loci.
EXPERIMENTAL PROCEDURES
Strains
The C. elegans strains spr-5(by101) and T08D10.2 were provided by R. Bau-
meister and V. Reinke. amx-1(ok659) was provided by the Caenorhabditis
GeneticsCenter. Theht2gbalancer strainwasused for theoutcrossexperiment.
Western and ChIP
The protein extracts were made as described by Katz et al. (2005), except that
worms were washed off of six 10 cm plates with 500 ml PBS, flash frozen at80C for 30 min before homogenization, and centrifuged three times at
2000 rpm after homogenization. H3K4me2 Ab (Upstate), H3 Ab (Abcam), and
Actin Ab (Chemicon) were used at 1/2000, 1/5000, and 1/1200, respectively,
in the westerns, and the westerns were quantitated by using a Bio-Rad Flour-
S Max Multimager. The hop-1 ChIP was done as described by Katz et al.
(2005), except that worms from 20 10 cm plates were bleached with 1M
NaOH, 10% bleach to isolate embryos and hatched into L1 larvae overnight
on 5 plates. In addition, worms were freeze thawed before homogenization as
described above andwere sonicated for 200 s (4 s on/10s off) at 20% in a Fisher
Sonic Dismembrator 500. A total of 10 ml H3K4me2 Ab (Upstate) was used for
immunoprecipitaiton. For the spermatogenesis genes ChIP, mixed-stage
worms were washed off of three 10 cm plates before proceeding directly to
the freeze-thaw step. The Bio-Rad iCycler PCR primers are shown in Table S1.
Immunofluorescence
Amethanol/acetone fixation procedure was used (Strome andWood, 1983) for
embryo and gonad staining with 1/50 N- and C-terminal SPR-5 peptide Abs
(Santa Cruz sc-68340-R, 68339-R), 1/250 H3K4me2 Ab (Upstate 07-030),
and undiluted P-granule Ab (Strome and Wood, 1983).
Germline Mortality Experiment
During the germline mortality experiment, the worms were maintained at 20C
by picking three fertile adults on to another 6 cm plate every fourth day.
Because the worms are translucent, embryos can be visualized inside the
adult worm, allowing us to select fertile adults. Prior to the experiment, all
mutants were balanced for a minimum of three generations and then rehomo-
zygoused. The generation number was then counted from the first homozy-
gous mutant generation. The wild-type (N2 Bristol), amx-1, and T08D10.2
strains were counted every other generation throughout the experiment. The
spr-5(by101), spr-5;amx-1, and triple (spr-5;amx-1;T08D10.2) strains were
counted every other generation for the first 17 generations, and then every
generation through generation 31. The average brood size of the spr-5(by101)
and spr-5;amx-1 strains was calculated from the progeny of 10 worms through
generation 18 and then from 50 worms through the end of the experiment,
whereas the average brood size of the triple strain was calculated from the
progeny of 10 worms through generation 24 and then from 50 worms through
the end of the experiment. The percentage of males was counted out of the
combined total brood, whereas the percentage of embryonic lethality was
taken from the first 1000 embryo’s laid divided equally among the individual
broods. The percentage of sterile animals for the spr-5(by101) and spr-5;amx-1
strains was counted out of >300 through generation 21 and then out of >1000
through generation 31, whereas the percentage of sterile animals for the triple
strain was counted out of >300 for all generations except generation 26, where
it was counted out of >1000. At all generations, the percentage of sterile
animals for the spr-5(by101), spr-5;amx-1, and triple strains was counted
from the progeny of at least five adults.
The percentage of H3K4me2 retention was calculated from 50 different
embryos of100 cells or greater from at least 2 slides. Special care was taken
to try and avoid counting more than five embryos from any one animal. In each
case, Z2 and Z3, as marked by P-granule staining, were scored either positive
or negative under exposure conditions where the surrounding cells had
adequate levels of H3K4me2 staining. In cases where only Z2 or Z3 were posi-
tive, that embryo was scored as positive. All scoring was done blind to theFigure 6. The Transgenerational Accumulation of H3K4me2 and Expression at Spermatogenesis Genes
(A) Genes that were changed 2-fold or greater in comparisons between spr-5 f1, f13, and f26were compared against the topomap gene function list from over 500
microarray experiments (http://elegans.uky.edu/gl/cgi-bin/gl_mod.cgi?action=compare2 ). Only overrepresentation P values of less than 1 3 106 are shown.
The number of overlapping genes and the corresponding P value are listed. Mountains with no listed gene function have no known function. All genes that
are listed under multiple regulated categories (ex. up1v13, down13v26) are not listed in the individual category (ex. down13v26).
(B) The chromosomal distribution of the 234 regulated genes, represented as the ratio of observed to expected. The number of genes on each chromosome is
shown within the bar. The asterisk indicates significant (p < 0.001) deviation from the expected.
(C) Quantitative RT-PCR showing the relative expression of 12 spermatogenesis genes from the 88 coordinately expressed genes (Figure 6A, column 3) over 28
generations. The expression is normalized to actin (act-1).
(D) ChIP on four of the spermatogenesis genes from (C), showing the percentage of input precipitated with an H3K4me2 Ab in spr-5mutants from generations 3,
15, and 27. The primers used for ChIP are immediately downstream of the start site. The percentage precipitated with no Ab was <0.1 in all cases.Cell 137, 308–320, April 17, 2009 ª2009 Elsevier Inc. 317
genotype, with all six genotypes and all generations that were scored inter-
mixed.
RNA Interference
RNAi feeding was performed as described by Kamath et al. (2001). All RNAi
constructs were taken from the Ahringer RNAi library (Kamath and Ahringer,
2003).
Figure 7. The Summary of Data and Model
(A) Graphs comparing the percentage of H3K4me2
precipitated by ChIP in spermatogenesis-ex-
pressed genes (Figure 6D), the percentage of
H3K4me2 retention in the PGCs (Figure 4), the rela-
tive expression of spermatogenesis-enriched
genes (Figure 6C), the percentage of sterile
animals (Figure 2B), and the brood size
(Figure 2A) over generations in spr-5 mutants.
The transgenerational increase in H3K4me2 in
spermatogenesis-enriched genes due to the
failure to demethylate results in increased
H3K4me2 retention in the PGCs and the contin-
uous misexpression of spermatogenesis-enriched
genes. This leads to an increasing percentage of
sterile animals and decreasing brood size,
which can be reset by outcrossing the mutation
(Figure 2).
(B) Germ cells, sperm, and oocytes have high
levels (black nuclei) of H3K4me2 throughout the
genome. SPR-5 erases the epigenetic memory of
germline transcription by demethylating
H3K4me2 at germline-expressed loci in the
gametes or early embryo (gray nucleus). A second
mechanism removes H3K4me2 throughout the
genome in the PGCs (white nuclei). In spr-5
mutants, the failure to reset germline H3K4me2
over multiple generations results in the inappro-
priate retention of H3K4me2 in the PGCs (black
nuclei) and sterility.
Apoptosis Assays and the Larval Delay
Experiment
To stain with acridine orange (AO), 500 ml 0.04 mg/
ml AO in M9 buffer was dropped on top of a 6 cm
seeded NGM plate of worms and incubated in the
dark for 1 hr at 20C. Individual worms were then
recovered for 1 hr on a seeded plate without AO
and then visualized by DIC imaging. To synchro-
nize adults for the larval delay experiment, cloned
out 2-cell embryos were allowed to develop on
seeded plates and then visualized by DIC as
described above.
Microarray Analysis and Quantitative RT-
PCR
To generate total RNA, three 10 cm plates of
worms were flash frozen in 500 ml PBS. After
freezing, 1 ml Trizol reagent was added to the
pellet, and the pellet was thawed, vortexed, and re-
frozen four times. After four cycles, the sample was
chloroform extracted, precipitated with isopropa-
nol, washed with 75% ethanol, and cleaned up
with the QIAGEN RNeasy kit. For the microarray
analysis, 8 mg total RNA was hybridized pairwise,
along with a dye flip, from N2f1 (wild-type) and
spr-5(by101) f1, f13, and f26, for a total of 12 arrays. The microarray hybridiza-
tions were performed at the Washington University Microarray Core Facility.
Significantly differentially regulated genes were selected by using a 2-fold
difference along with intensity values >1000. For RT-PCR, 5 mg total RNA (iso-
lated as above) was reverse-transcribed by using the Invitrogen First Strand
Synthesis System with Oligo(dt)20 priming. The results were normalized to
Actin (act-1). The quantitative PCR primers are shown in Table S2.318 Cell 137, 308–320, April 17, 2009 ª2009 Elsevier Inc.
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